being contained in exosomes that are relatively specific to the central nervous system (CNS). Consequently, we developed a technique to evaluate the levels of α-synuclein in these exosomes in individual plasma samples. When applied to a large cohort of clinical samples (267 PD, 215 controls), we found that in contrast to CSF α-synuclein concentrations, which are consistently reported to be lower in PD patients compared to controls, the levels of plasma exosomal α-synuclein were substantially higher in PD patients, suggesting an increased efflux of the protein to the peripheral blood of these patients. Furthermore, although no association was observed between plasma exosomal and CSF α-synuclein, a significant correlation between plasma exosomal α-synuclein and disease severity (r = 0.176, p = 0.004) was observed, and the diagnostic sensitivity Abstract Extracellular α-synuclein is important in the pathogenesis of Parkinson's disease (PD) and also as a potential biomarker when tested in the cerebrospinal fluid (CSF). The performance of blood plasma or serum α-synuclein as a biomarker has been found to be inconsistent and generally ineffective, largely due to the contribution of peripherally derived α-synuclein. In this study, we discovered, via an intracerebroventricular injection of radiolabeled α-synuclein into mouse brain, that CSF α-synuclein was readily transported to blood, with a small portion M. Shi and C. Liu have contributed equally to this work.
Introduction
One of the pathological hallmarks of Parkinson's disease (PD), the second most common neurodegenerative disease, is the presence of Lewy bodies in surviving neurons [38] . Lewy bodies consist of insoluble aggregated proteins, with α-synuclein (α-syn) being the major component [60] . Mechanistically, α-syn clearly plays an important role in PD pathogenesis, as mutations or multiplications of the α-syn gene (SNCA) are known to be causative of some familial forms of PD [41, 55] . More recently, genome-wide association studies have also confirmed that common variants of SNCA modulate risk for sporadic PD [29, 41, 61] . In addition, α-syn is readily secreted into extracellular spaces and has been identified in the cerebrospinal fluid (CSF), blood, and saliva [48] . The mechanisms of α-syn secretion are not fully understood, but studies have demonstrated at least a fraction of α-syn to be secreted in association with exosomes [2, 12, 20] , the 40-100 nm membrane vesicles of endocytic origin [9, 40] . Extracellular α-syn has been shown to activate microglia and astroglia, enhancing neurodegeneration [35, 73] . The significance of extracellular α-syn is further indicated by recent studies showing that cellto-cell transfer of α-syn within the central nervous system (CNS) is essential to the progression of synucleinopathies [15, 30] .
Beyond its implications in the pathogenesis of PD and related synucleinopathies, extracellular α-syn has also been studied extensively as a potential biomarker of diagnosis and/or indicator of disease progression [16, 18, 19, 31, 51, 58, 59] . In this regard, current clinical diagnosis of PD is typically made upon observation of its motor symptoms [69] . However, there is an appreciable misdiagnosis rate [69] , particularly in the early disease stages, and definitive diagnosis can only be made upon autopsy. Reports on CSF α-syn concentrations have been largely consistent and generally accepted as being significantly lower in patients with PD when compared to controls [27, 31, 50, 51, 58, 67] , with moderate performance in aiding PD diagnosis [31, 46, 51, 58] . In contrast, reports on α-syn concentrations within the blood, which is more readily accessible and, therefore, more clinically desirable, have been less consistent [17, 19, 23, 24, 39, 42, 59] , largely because of an abundant production of the protein in the peripheral tissue, especially red blood cells and platelets [7, 47, 48, 59] .
Therefore, an unmet need centers on defining the mechanisms underlying α-syn secretion, transportation, and clearance as well as identification of CNS-derived α-syn in peripheral body fluids. In the current investigation, we began exploring whether CSF α-syn can be transported to blood, and then focused on the isolation of exosomes likely derived from the CNS and quantification of α-syn within this fraction in clinical plasma samples from patients with PD and healthy controls.
Participants and methods
Brain to blood trafficking in mice CD-1 male (8 weeks old) mice (Charles River, Wilmington, MA, USA) were kept on a 12/12 h light/dark cycle with ad lib access to food and water. All animal studies were performed at a facility approved by AAALCC and under protocols approved by the local animal use committee. α-Syn (rPeptide, Athens, GA, USA) was radioactively labeled with Na 125 I (Perkin Elmer, Waltham, MA, USA) by the chloramine-T (SigmaAldrich, St Louis, MO, USA) method [6] , and then purified using a Sephadex G-10 column (Sigma-Aldrich).
Mice were anesthetized with 0.15 mL of 40 % urethane (Sigma-Aldrich) via i.p. injection. The scalp was removed and a hole was made 0.5 mm posterior to the bregma and 1.0 mm to the right of the sagittal suture. Using a 1.0 μL Hamilton syringe, 1 μL of lactated Ringer's solution containing 1 × 10 6 CPM of the radioactively labeled α-syn was slowly injected into the left ventricle of the brain. For the efflux-time curve, blood was collected from the carotid artery in 10 % EDTA coated tubes (Sigma-Aldrich) at 2, 5, 10, 20 and 60 min after injection. For the efflux-exosome comparison, blood was collected at 60 min after injection, followed by exosome extraction from platelet-free plasma. The mouse was then decapitated and the whole brain was removed and weighed. Levels of radioactivity in the brain, the whole plasma, the exosome fraction, and the exosomeless fraction (supernatant after immunoaffinity capture) were counted using a gamma counter.
Human subjects and clinical sample collection A total of 482 subjects were included in this study. 267 patients with PD and 215 age-and sex-matched healthy controls were recruited at the Pacific Northwest Udall Center of Excellence for Parkinson's Disease Research (PANUC) and the Alzheimer's Disease Research Centers (ADRCs) at the University of Washington (UW) and the University of California at San Diego (UCSD) as previously described [10, 49, 58] , or were enrolled in the Parkinson's Genetic Research Study (PaGeR) [10, 49] . All subjects underwent evaluations consisting of medical history, physical and neurological examinations, laboratory tests, and neuropsychological assessments. The inclusion and exclusion criteria have been previously described [10, 31, 49, 58] . Briefly, all PD patients met UK PD Society Brain Bank clinical diagnostic criteria for PD [25] , except that having "more than one affected relative" was not considered an exclusion criterion. Control subjects were the patients' spouses or community volunteers in good health. They had no signs or symptoms suggesting cognitive impairment or neurological disease; all subjects had a Mini Mental Status Examination (MMSE) score between 28 and 30, a Clinical Dementia Rating (CDR) score of 0, and New York University paragraph recall scores (immediate and delayed) of >6. All participants underwent detailed informed consent procedures and provided consent in writing in accordance with procedures approved by the institutional review boards at the UW, Veterans Affairs (VA) Puget Sound Health Care System at Seattle, Portland VA Medical Center, Oregon Health and Science University, and the UCSD. Demographic information is listed in Table 1 for all subjects.
All blood (including plasma) and CSF samples were obtained as previously described [58, 59] . Blood samples were collected from all subjects, but matching CSF (collected within 6 months of the blood collection) samples were collected in only a subset of the subjects (100 patients with PD and 100 age-and sex-matched healthy controls). Similar sample collection protocols and quality control procedures were followed at all participating centers, in particular, use of polypropylene collection and storage tubes, rapid separation into single use aliquots, and freezing of plasma and CSF samples, to minimize potential site variability.
Exosome isolation
Exosomes were isolated from mouse or human plasma using antibody-coated superparamagnetic microbeads following a protocol adapted from Tauro et al. [66] . Briefly, 10 μg of anti-L1CAM antibodies (clone UJ127, abcam, Cambridge, MA, USA) or anti-CD63 antibodies (clone H5C6, BD Biosciences, San Diego, CA, USA) [or normal mouse IgGs (Santa Cruz Biotechnology, Dallas, TX, USA) as negative controls] were coated onto one set (1 mg) of M-270 Epoxy beads using a Dynabeads ® Antibody Coupling Kit (Life Technologies, Grand Island, NY, USA) according to the manufacturer's instructions. After thawing quickly (within 2 min) at 37 °C, plasma samples (>300 μL) were centrifuged at 2,000×g for 15 min followed by 12,000×g for 30 min, and then the supernatant was diluted 1:3 with phosphate buffered saline (PBS) (pH7.4). One set of antibody-coated beads and 900 μL of diluted plasma were incubated for ~24 h at 4 °C with gentle rotation. The beads were then washed four times with 1 mL of 0.1 % bovine serum albumin (BSA)/PBS (pH7.4) and transferred into a new tube. Exosomes were eluted from the beads with 60 μL of a 1:1 mixture of 0.1 % BSA/PBS (pH7.4) and a fixing buffer (4 % paraformaldehyde/5 % glutaraldehyde) Disease duration, year a (range) 9.6 ± 6.6 (0-34) 7.7 ± 5.9 (0-27) for electron microscopy imaging or lysed by incubating the beads in 110 μL of 1 % Triton X-100 plus 10 % of a protease inhibitor cocktail (P2714, Sigma-Aldrich; prepared in 10 ml of H 2 O) in 0.1 % BSA/PBS (pH7.4) for 1 h at room temperature with gentle shaking for Luminex measurements and other analyses. Exosomes in clinical plasma samples were extracted in batches, and PD and control samples were distributed into each batch. Two reference plasma samples, pooled from 30 healthy controls, were added into each batch to help to eliminate batch variations.
For quality control and assay development, some reference plasma samples (pooled from healthy old controls) were also diluted in PBS and then subjected to ultracentrifugation (100,000×g for 3 h at 4 °C); the pellet was then resuspended, loaded onto an OptiPrep ™ density gradient, and centrifuged at 100,000×g for 18 h at 4 °C to obtain exosomes as described previously [66] . Exosome-poor plasma samples were prepared by removing exosomes after a 2-step ultracentrifugation (180,000×g for 3 h at 4 °C × 2).
Luminex assays
Exosome preparations of 100 μL (extracted from 300 μL of plasma) were used to quantify α-syn with an established Luminex protocol [31] . Total α-syn concentrations in plasma and CSF were also measured as previously described [31, 59] . Hemoglobin concentrations as an index of the blood contamination in CSF were measured using an ELISA kit [31] .
Electron microscopy (EM)
Isolated exosome preparations mixed 1:1 with 4 % (v/v) paraformaldehyde and 5 % (v/v) glutaraldehyde were layered onto formvar/carbon-coated 300 mesh copper grids (Polysciences, Warrington, PA, USA), and allowed to dry for 20 min at room temperature. For direct imaging, grids were then washed twice with water for 2 min, and stained with 2 % (w/v) uranyl acetate in water (Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min at room temperature. For immunogold staining, grids were washed with PBS before blocking for 30 min using a 1 % BSA/5 % normal goat serum/PBS buffer. The grids were re-washed with PBS, incubated with or without a 1:50 dilution of the anti-L1CAM antibody (abcam) in blocking buffer for 2 h at room temperature, and then incubated with an 18-nm gold conjugated goat anti-mouse IgG antibody (abcam) for 60 min at room temperature. The grids were washed again and left at room temperature to dry before contrasting with uranyl acetate. Imaging was performed on a JEOL (Peabody, MA, USA) 1230 transmission electron microscope.
Western blot analysis
Western blotting was performed following a standard protocol [43] . Exosome samples (~10 μg proteins) were solubilized with Laemmli sample buffer and separated on a 1D SDS-PAGE gel before transfer to a polyvinylidene difluoride membrane. The membrane was probed with the following primary antibodies: mouse anti-human L1CAM (abcam, 1:500) and mouse anti-human Alix (Cat# ABC40, Millipore, Billerica, MA, USA; 1:1,000). To examine the expression of L1CAM in human blood cells, cell lysates (100 μg proteins) from red blood cells and platelets were used, along with human cerebral cortex (100 μg proteins) homogenates as a control; membranes were probed with the anti-L1CAM antibody.
Mass spectrometry (MS) analysis
Human plasma exosomal proteins were digested sequentially with trypsin and ASP-N as previously described [16, 43] . Digested samples were cleaned up with a HiPPR (High Protein and Peptide Recovery) Detergent Removal kit (Thermo Scientific, Rockford, IL, USA) followed by C18 MicroSpin columns (The Nest Group, Southborough, MA, USA) according to the manufacturers' protocols. Peptides were then analyzed using a Q-Exactive Plus mass spectrometer (Thermo Scientific) with or without an inclusion list containing peptides derived from the top 25 proteins that are often identified in exosomes (http://exocarta.org/exosome_ markers). Liquid chromatography was performed using a NanoAcquity UPLC (Waters, Milford, MA, USA); peptides were separated online with 75 mm i.d. × 20 cm homepacked fused silica columns (ReproSil-Pur C18-AQ, 3 μm, Dr Maisch GmBH, Ammerbuch-Entringen, Germany) with a 120-min 2-80 % acetonitrile/water gradient containing 0.1 % formic acid. MS/MS spectral data were converted to the mgf format and searched using ProteinPilot v4.1 (AB SCIEX, Framingham, MA, USA) against a human International Protein Index (IPI) sequence database (version 3.87) for peptide and protein identification.
Digested samples were also subjected to targeted selected reaction monitoring (SRM) assay for α-syn peptides confirmation on a TSQ Vantage triple quadrupole mass spectrometer (Thermo Scientific) coupled to a NanoAcquity UPLC (Waters). Reversed-phase chromatography was performed on capillary columns (75 mm × 20 cm; Polymicro Technologies, Phoenix, AZ, USA) packed with 100 Å Magic C18 (Michrom/Bruker, Auburn, CA, USA). All SRM mass spectral data were processed using the Skyline Targeted Proteomics Environment (v2.5) (McCoss Lab, University of Washington, Seattle, WA, USA) [45] . Typical settings applied were 0.055 Th match tolerance m/z and default peak boundary assignment informed by SavitzkyGolay smoothing. A spectral library containing α-syn peptides and transitions generated in our lab was used for MS1 filtering to identify precursor ions. Peak assignments were also manually inspected and the dot-product ratios generated in Skyline were considered.
Statistical analysis
All analyses were performed in SPSS 18.0 (IBM, Chicago, IL, USA) or Prism 4.0 (GraphPad Software, La Jolla, CA, USA). Luminex data (plasma exosomal and total α-syn, and their ratio) were Log10 transformed to generate a normally distributed dataset. The Student's t test was used to examine median differences between PD and control groups. Receiver operating characteristic (ROC) curves for analytes were generated to evaluate their sensitivities and specificities in distinguishing PD from healthy control subjects. The "optimum" cutoff value for a ROC curve was defined as the value associated with the maximal sum of sensitivity and specificity. Additionally, relationships between the analytes and age, sex, and the Unified Parkinson's Disease Rating Scale (UPDRS) motor scores were analyzed with bivariate correlation using Pearson's correlation coefficients. Partial correlations between analyte levels and UPDRS scores were also conducted while controlling for potential confounding factors such as age and sex of subjects. Values with p < 0.05 were regarded as significant.
Results
Transportation of α-syn from the brain to blood in mice To determine whether α-syn could be transported from the CSF to blood, first we injected 125 I-labeled α-syn intracerebroventricularly (icv) into mouse brain. While the radioactivity rapidly decreased in the brain, it continued to increase in the blood and reached ~6 %/mL of the icv dose 60 min after injection (Fig. 1a) , indicating that α-syn could be readily transported from the brain (CSF) into blood. Because α-syn can be secreted in exosomes [2, 12, 20] , a practical way to capture CNS-derived α-syn in blood is to isolate exosomes originating from the CNS. Next, we isolated exosomes using an immunoaffinity capturing method (see below) from mouse plasma collected 60 min after injection. The labeled α-syn was detected in the exosome fraction; however, it appeared that most of the radioactivity was not in the exosomes (Fig. 1b and data not shown) .
Identification of α-syn in plasma exosomes likely derived from the CNS To enrich plasma exosomes that are likely derived from the CNS, we established an immunoaffinity capturing protocol to isolate L1 cell adhesion molecule (L1CAM)-containing exosomes in human or mouse plasma. L1CAM is the founding member of a subfamily of cell adhesion molecules that are primarily expressed in the nervous system and is believed to be a marker on the surface of exosomes derived from the CNS [22, 33, 37, 64] . The quality of the anti-L1CAM-captured exosomes were examined with EM (Fig. 2a) , and found to be similar to that of exosomes isolated using anti-CD63 (a more general exosomal marker [63, 64] ) antibodies or those acquired with ultracentrifugation followed by a density gradient separation (data not shown). Western blot analysis demonstrated that in these L1CAM-containing exosome preparations, Alix, another general exosomal protein [40, 56] , was also enriched (Fig. 2b) . We also performed a proteomic I-labeled α-synuclein. a Brain and blood plasma were then collected at 2, 5, 10, 20, and 60 min after injection. Levels of radioactivity in the brain and the plasma were determined using a gamma counter. b Blood was collected at 60 min after injection, followed by L1CAM-containing exosome extraction from platelet-free plasma. Levels of radioactivity were measured in the whole plasma, the exosome fraction (Exo), and the exosome-less fraction (supernatant after immunoaffinity capture; Super). Data shown are mean ± SD from 5 mice. CPM counts per minute profiling in anti-L1CAM-captured exosomes from pooled reference human plasma, while normal mouse IgG-captured samples were used as a negative control; a number of proteins that are believed to be exosomal markers (http://exocarta.org/exosome_markers), including CD9, enolase 1 (ENO1), 14-3-3 protein zeta/delta (YWHAZ), and cofilin-1 (CFL1), were identified in L1CAM-containing exosomes but not in normal mouse IgG preparations. At least three peptides derived from α-syn were also observed in these exosome preparations through a targeted MS analysis ( Supplementary Fig. 1 ).
Using our established Luminex assay [31] , we also observed a detectable α-syn signal in anti-L1CAM-captured exosomes from human plasma. The signal was unlikely to be from free α-syn contamination, because the signal from normal mouse IgG-captured or "empty" (no bead "capture") samples was minimal (Fig. 2c) . To further confirm the α-syn signal was from exosomes, we generated exosome-poor plasma using ultracentrifugation. Compared to regular plasma, the α-syn signal in L1CAM-containing exosomes in this exosome-poor plasma was reduced more than tenfold (Fig. 2d) . Given that the specificity of our α-syn Luminex assay was confirmed previously [31] , we are confident that the Luminex signal we observed was from the α-syn in anti-L1CAM-captured exosomes.
As a further assurance, we examined the L1CAM expression in blood cells. We found that L1CAM was not detectable in red blood cells and platelets ( Supplementary  Fig. 2 ), where >99 % of α-syn in whole blood resides [59] , suggesting the α-syn in anti-L1CAM-captured exosomes is not from these blood cells and is likely to be CNS or at least nervous system derived.
Evaluation of plasma exosomal α-syn in clinical samples
We collected a large cohort of 267 PD and 215 age-and sex-matched healthy control plasma samples (Table 1) , and measured α-syn concentrations in plasma L1CAM-containing exosomes and in whole plasma using Luminex assays. Similar to our previous findings [59] , there was no Fig. 2 Characterization of immunoaffinity-captured exosomes from human blood plasma. a Electron micrograph of anti-L1CAM-captured plasma exosomes (inset immunogold labeling of L1CAM). b Western blot showing that Alix, a common exosome marker, and L1CAM were enriched with anti-L1CAM capture, but not with normal IgG capture. c α-Synuclein (syn) levels in anti-L1CAM-captured plasma exosomes were measured using a Luminex immunoassay, compared to the levels in normal mouse IgG-captured (mIgG) or "Empty" (no bead "capture") samples. d Specificity was also confirmed by using exosomepoor plasma (supernatant after ultracentrifugation). Aliquots from the same pooled samples were used in these experiments (b-d) for comparison significant difference in the total plasma α-syn concentrations in PD versus controls (p = 0.134, t test), but the α-syn concentrations in plasma L1CAM-containing exosomes were significantly higher in patients with PD compared to healthy controls (p < 0.0001) (Fig. 3a, b) . The plasma exosomal α-syn/total α-syn (exo/total) ratio was also significantly higher in patients with PD than in the controls (p < 0.0001) (Fig. 3c) .
To further evaluate the potential for plasma α-syn in L1CAM-containing exosomes to aid in PD diagnosis, we performed ROC analysis to characterize its sensitivity and specificity. The performance of plasma exosomal α-syn was found to be only moderate (AUC = 0.654, sensitivity = 70.1 %, specificity = 52.9 %) (Fig. 4a) . The plasma exo/total α-syn ratio generated similar results (AUC = 0.657, sensitivity = 71.2 %, specificity = 50.0 %) (Fig. 4b) . Furthermore, we examined the correlation between plasma exosomal α-syn and disease severity. Significant correlations between the plasma α-syn in L1CAM-containing exosomes (r = 0.176, p = 0.004, Pearson correlation; Fig. 4c ) or the plasma exo/total α-syn ratio (r = 0.130, p = 0.035) with the UPDRS motor scores were observed.
In a subset of the cohort (100 PD and 100 age-, sexmatched healthy controls), matching CSF samples from the same subjects were also collected, allowing us to evaluate the performance of CSF α-syn. Consistent with our previous results [31, 58] , CSF α-syn concentrations were significantly lower in patients with PD versus healthy controls (p < 0.0001) (Fig. 3d) , with a moderate diagnostic value (AUC = 0.724, sensitivity = 76.8 %, specificity = 53.5 %) (Fig. 4d) close to that of the plasma exosomal α-syn or the plasma exo/total α-syn ratio. In addition, no correlation between CSF α-syn and the UPDRS motor scores were observed (r = 0.012, p = 0.905, Pearson correlation), similar to what we reported before [31, 58] . Interestingly, there was no significant correlation between the α-syn concentrations in plasma L1CAM-containing exosomes and those in CSF (r = −0.053, p = 0.465); the plasma total α-syn concentrations (r = 0.197, p = 0.006) and the exo/total α-syn ratio (r = −0.161, p = 0.027), however, significantly correlated with CSF α-syn concentrations.
Discussion
The results of this study demonstrate several major advances with regard to extracellular α-syn. First, we have, for the first time, demonstrated that CSF α-syn can be readily transported into blood via an in vivo study of radiolabeled α-syn administered to mouse brain by icv injection. This finding established our foundation to search for CNSderived α-syn in blood. It also raised a concern regarding the source of α-syn in the CSF. Because α-syn is highly expressed in blood cells [7, 48, 59] and its concentrations in plasma or serum are much higher than those in CSF [31, 59] , it's quite likely that the blood α-syn could also enter the CSF through a similar mechanism. Thus, at least a portion of the CSF α-syn may be from the blood, as implied by the significant correlation between CSF and plasma α-syn observed in this study. This may help to explain the limitations CSF α-syn has faced as a biomarker to date.
The second major advance made in the study is to define a method for isolating plasma exosomes likely originating from the CNS (i.e., anti-L1CAM immunoaffinity-captured exosomes) that can be analyzed effectively. Evidence suggests exosomes may cross multiple layers of the bloodbrain barrier [3] , possibly by jumping from cell-to-cell via the multivesicular body (MVB) compartment [56] . Exosomes carrying unique, disease-specific, functionally important cargo, including those likely originating from the CNS [65] , are known to be well detectable in vivo in Fig. 3 Evaluation of α-synuclein concentrations in clinical samples. α-Synuclein (α-syn) concentrations were measured using Luminex and comparisons were performed for α-syn in L1CAM-containing exosomes isolated from plasma (a), total α-syn in plasma (b), or the plasma exosomal α-syn/total α-syn ratio (c) in patients with Parkinson's disease (PD; n = 267) and healthy controls (Con; n = 215). CSF total α-syn concentrations were also evaluated in a subset of the subjects (100 PD and 100 Con) with CSF samples available (d). Data shown are mean ± S.D. **p < 0.001 blood and other body fluids [40, 63] , and thus represent a potentially valuable source of biomarkers for neurodegenerative diseases such as PD. Our immune-capturing method is also of significance because despite recent advances in our understanding of exosomes and other extracellular microvesicles, much of the published information has been obtained from impure preparations [62] . Currently, differential (ultra-)centrifugation is the most commonly used method, but the resulting pellet is usually contaminated with co-sedimenting vesicles and protein aggregates rendering a very crude preparation [62] . The L1CAM-containing exosomes produced by immuno-capture in this study were of similar quality, as demonstrated by EM and other measurements, to those obtained by other robust exosome isolation techniques, including the current "gold standard"-ultracentrifugation plus density gradient, which Fig. 4 ROC analysis of biomarker candidates for PD diagnosis and correlation with disease severity. a In the whole cohort (267 patients with PD and 215 healthy controls), the plasma exosomal α-syn provided an AUC of 0.654 (sensitivity = 70.1 %, specificity = 52.9 %) for PD versus controls. b The exosomal α-syn/total α-syn ratio in plasma performed similarly (AUC = 0.657, sensitivity = 71.2 %, specificity = 50.0 %) in the whole cohort. c A significant correlation between the plasma exosomal α-syn and the disease severity indexed by the UPDRS motor score was observed in PD patients (r = 0.176, p = 0.004, Pearson correlation). d In a subset of subjects with CSF samples available (100 PD and 100 controls), the CSF total α-syn could produce an AUC of 0.724 (sensitivity = 76.8 %, specificity = 53.5 %). No correlation between CSF total α-syn and the UPDRS motor scores could be found (not shown). AUC area under curve, CSF cerebrospinal fluid, exo exosomal, MDS-UPDRS the Movement Disorder Society (MDS) Unified Parkinson's Disease Rating Scale, PD Parkinson's disease, ROC receiver operating characteristic; α-syn, α-synuclein has been employed by us as well as others [22, 32, 37, 66] . More direct evidence of exosome purity may be obtained as our knowledge of exosomes becomes more advanced; for example, methods to further reliably determine the potential contribution of non-exosomal fractions in our preparation can be developed when "markers" exclusively absent from exosomes are identified. Nonetheless, since no ultracentrifugation is involved in our protocol, this methodology may be more practical for use in a routine clinical setting after further optimization.
Next, we employed this isolation methodology to evaluate α-syn levels within L1CAM-containing exosomes in clinical blood plasma samples collected from PD patients and healthy controls. We found a robust elevation of L1CAM-exosomal α-syn in PD patients as compared to controls, with ROC analysis demonstrating essentially equivalent diagnostic performance (sensitivity and specificity) as has been achieved using CSF α-syn (Fig. 4) , which is the best molecular biomarker of PD described to date [27, 31, 50, 51, 58, 67] . There is currently significant interest in the development of objective biomarkers that reliably indicate PD diagnosis, or monitor the disease progression, in readily obtainable biological specimens. The markers that have been found to exhibit the best performance are measured in the CSF, which is not an ideal specimen for routine monitoring due to the invasive nature of sample collection by lumbar puncture. Furthermore, CSF biomarkers described to date have been unable to reproducibly achieve sufficient sensitivity and specificity to warrant widespread clinical application [46] . Although plasma exosomal α-syn exhibited similar limited performance (specificity in particular) which CSF α-syn currently suffers from, the comparable diagnostic performance indicates we may bridge the gap between the more effective, but less accessible, CSF α-syn measurements, and the less effective, but more accessible, blood α-syn measurements by focusing on α-syn species in the blood likely originating in the CNS. More significantly, plasma exosomal α-syn displayed a significant, though weak, correlation with disease severity (UPDRS motor), while CSF α-syn did not show such correlation, meaning that plasma exosomal α-syn but not CSF α-syn has the potential to help in monitoring or predicting disease progression. Given that most α-syn in blood resides in blood cells [59] and that total α-syn in plasma cannot differentiate PD patients and controls [23, 59] , our findings demonstrate a substantial improvement over the current state of PD biomarker evaluation in blood and other peripheral body fluids. A caveat is that we could not exclude the possibility that the L1CAM-containing exosomes in blood may be partially secreted from the peripheral nervous system, because synuclein pathology has been reported in the sympathetic ganglia and autonomic nerves in PD [13, 70, 72] . Even so, our findings of the potential usage of plasma α-syn in L1CAM-containing exosomes as PD biomarkers are still of significance. Further study of other proteins (e.g., DJ-1, tau, etc.) in CNS-or nervous system-derived exosomes in blood may be needed to form an "ideal" panel of PD biomarkers, which provide high diagnostic sensitivity and specificity.
It is unclear why the concentrations of plasma α-syn in L1CAM-containing exosomes were significantly higher in patients with PD compared to healthy controls. One possible explanation is that it results from the clearance of excess, potentially toxic α-syn species from the PD brain. Such α-syn species are known to require the lysosome for its degradation [54] , and lysosomal function has been reported to be decreased in PD patients [1, 11] . The proteins designated for lysosomal degradation are usually sequestered by endocytic MVBs; however, an alternative destination of MVBs is their exocytic fusion with the plasma membrane leading to the release of intraluminal vesicles (i.e., exosomes) into the extracellular environment [9, 40] . This clearance of α-syn is supported by a recent study reporting that lysosomal inhibition dramatically increased exosomal α-syn release in a cellular model [2] . The increased efflux of CNS α-syn may also contribute to the decreased CSF total α-syn levels in PD and other synucleinopathies (e.g., dementia with Lewy bodies and multiple system atrophy), which is generally thought to be due to the deposition of α-syn in the brain [27, 31, 51, 58] . In contrast, the CSF total α-syn concentrations in Alzheimer disease (AD) have been reported to be significantly higher compared to controls [27, 31, 36, 51, 58, 68, 71] , while up to 50 % of familial and sporadic AD patients also show evidence of α-syn-positive Lewy bodies upon autopsy [4, 28, 44] . Although lysosome dysfunction may be common in neurodegenerative disorders [53] , there may be multiple mechanisms for neurons to degrade or remove α-syn in normal and different pathological conditions. Increased exosome-associated α-syn in PD may reflect a mechanism to release α-syn under conditions of cellular stress and relatively increased α-syn concentrations. Therefore, it is possible that CNS α-syn secretion and clearance is regulated differently in PD and AD, even if the same pathway is involved in both diseases. Further studies are needed to investigate the underlying mechanisms and the utility of plasma exosomal α-syn in differential diagnosis of PD and related disorders.
In addition to the advances described above, we gained further insight into the mechanisms of CNS-to-blood efflux of α-syn. While we did find evidence of α-syn transport from the brain (ventricle) to the blood, most of the injected α-syn was found to be in a presumably free form within blood plasma rather than being contained within L1CAM-containing exosomes. This indicates that only a portion of the CNS-derived α-syn in plasma resides in L1CAM-containing exosomes, even if the CSF-blood pathway/barrier is not the only pathway for CNS α-syn efflux (further discussed below). This may partially explain why the performance of plasma exosomal α-syn was only moderate for PD diagnosis.
It is quite obvious that the source(s) of plasma α-syn in L1CAM-containing exosomes needs to be further defined. Although the efflux of CSF proteins into blood can be very fast (appearing within minutes in rodents), most likely through facilitated or active transport, and with consideration given to the perspective that the commonly accepted flow model for CSF circulation may need to be revised [5, 21, 26, 52, 57] , it is unclear how fast α-syn could be incorporated into exosomes in cells and transported from brain to blood. Our observation may suggest that although α-syn does cross from the brain (CSF) to the blood, the α-syn measured within L1CAM-containing exosomes in clinical plasma samples enters the blood via a mechanism upstream of the CSF-containing lateral ventricles. Alternatively, the majority of CNS-derived L1CAM-containing exosomes may enter the blood through pathways other than the CSF-blood barrier, such as a dysfunctional or damaged blood-brain barrier as has been suggested in PD patients [8, 14] . We speculate that direct α-syn injection to the brain tissue or overexpression of α-syn in brain cells (e.g., in α-syn knock-out mouse brain) may provide more direct evidence for the origin of L1CAM-containing exosome α-syn species. A caveat here is that although primarily expressed in the nervous system, L1CAM may also be found in other specialized cells, particularly a few cancer cells [33, 34] . While our findings regarding the performance of plasma exosomal α-syn on correlation with PD severity suggest that such non-CNS-derived L1CAM-containing exosomes, if present, might not represent the majority of existent species in plasma, the potential confounding effects need to be further investigated.
In summary, we found α-syn administered via icv injection is transported from the brain (CSF) to the blood in mice, and demonstrated the presence of α-syn-containing L1CAM exosomes in the blood plasma of both PD patients and healthy controls. Importantly, we found the quantity of α-syn within these exosomes to be significantly higher in PD patients as compared to controls and correlated with disease severity (UPDRS motor), and further that the performance of these α-syn species in differentiating subjects with PD from controls to be close to that of CSF α-syn in terms of sensitivity and specificity. Further investigations are needed to yield more insight into the underlying mechanisms of α-syn-containing CNS-derived exosome efflux into the blood and the utility of α-syn and other proteins in these exosomes as PD biomarkers.
